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DC-SIDE LEAKAGE CURRENT REDUCTION
FOR SINGLE PHASE FULL-BRIDGE POWER
CONVERTER/INVERTER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority of U.S. Provisional Patent
Application Ser. No. 61/607,666, filed Mar. 7, 2012, which is
hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION

The present invention generally relates to power converters
and voltage source modules and, more particularly, to bi-
directional AC/DC power converters and reduction of leakage
current therein.

BACKGROUND OF THE INVENTION

Atthe present time, electrical power is generally generated
and distributed as alternating current (AC) power since volt-
age can be readily changed through use of transformers;
allowing very high voltage and relatively low current for
power transmission over large distances with reduced ohmic
losses. However, many electrical and electronic devices must
operate from a more or less constant voltage and conversion
from AC power to direct current (DC) power is required. In
some cases, it has been found effective to distribute power
over relatively short distances as DC power. Such DC distri-
bution arrangements are sometimes referred to as a DC nano-
grid. Also, in recent years, environmental concerns have
caused increased interest in so-called renewable energy
resources such as solar power which is generated and stored
as DC power but, when generated on a large scale, must be
converted to AC power for transmission and distribution over
the existing power distribution grid. Accordingly, power con-
verters have been developed to not only convert AC power to
DC power and vice-versa but also to transfer power bi-direc-
tionally.

To obtain maximum efficiency in power converters, vari-
ous switching topologies are generally used rather than ana-
log circuits, particularly to obtain regulated DC power or to
obtain AC power of a desired frequency from DC power.
Switching is generally performed at relatively high frequen-
cies to accommodate large load transients and allow smaller
and less costly magnetic components (e.g. transformers,
inductors and the like) to be used. However, high frequency
switching causes so-called electromagnetic interference
(EMI) noise which must be removed by filtering. AC/DC
converters may also exhibit leakage current at both the line
frequency and double the line frequency as well as at the
switching frequency, particularly when so-called unipolar
pulse width modulation (UM), also referred to as three-level
modulation, is used to drive the switches. Such leakage cur-
rents can present a safety issue as well as generating EMI
noise and causing aging of components and apparatus con-
nected to the power converter. Photovoltaic (PV) cells of
which solar power generation systems are comprised are
particularly subject to damage from leakage currents.

Most of the known power converter topologies for com-
mercial solar power generation include a galvanic trans-
former that provides isolation from the power distribution
grid. Isolation through use of a transformer not only ensures
safety under most circumstances but also reduces EMI noise
and step-up or step down of the DC power voltages developed
by the PV cell arrays. However, if the transformer is operated
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2

at the low line frequency, the transformer must be of large
size, weight and cost to deliver significant power. If the trans-
former is operated at a high switching frequency, more
switching devices and conversion stages are required, signifi-
cantly compromising overall system efficiency, cost, perfor-
mance and reliability.

Accordingly, converter topologies that do not include a
transformer have recently received substantial attention.
Many such topologies are relatively simple and are of high
reliability and efficiency for low voltage power ratings of 10
kW or less although they do not generally provide isolation.
(Isolation is not required in the power distribution grid stan-
dards in many countries.) Among such topologies, the full-
bridge topology is well-accepted in single phase power con-
version applications such as are generally used for solar
power generation using PV cell arrays.

Full bridge power converters are used as the rectifier to
convert AC power for use by DC loads or power storage in
batteries and for bi-directional power transfer, particularly
where conversion between AC power and DC power is
desired, such as in electric vehicles and small-scale AC/DC
power distribution systems such as may be used in residences
and vehicles such as aircraft or water-borne vessels and so-
called DC nanogrids including both DC power sources and
AC and/or DC loads and where power may be distributed over
short distances as DC power.

Unipolar (so-called because the upper and lower switches
switch between zero volts and +V/2 or -V/2, respectively)
pulse width modulation (PWM), also referred to as three-
level modulation, employs two sinusoidal reference signals
of opposite signs to modulate switching pulse width in each
phase leg and is usually used to operate full-bridge power
converters due to the low differential mode (DM) noise gen-
erated which, in turn, allows use of an AC filter of relatively
smaller size and cost. However, unipolar modulation gener-
ates a large high frequency leakage current flowing to ground
through parasitic capacitance on the DC side of a full-bridge
converter that can have a profound effect on the aging of
components connected to the DC side of the converter, par-
ticularly PV cells as alluded to above and can compromise
safety. The parasitic capacitance is of particularly large value
and effects of leakage currents are particularly aggravated
when the DC side is connected to an array of PV cells that may
present an effective capacitor plate area that may be measured
in acres. Therefore, such leakage current must be suppressed
and several arrangements for doing so have been proposed
which have proven effective to a greater or lesser degree.
However, the leakage current suppression arrangements pro-
posed to date have included additional active power switches
which increase cost and produce additional switching losses
as well as reducing reliability and requiring complex driving
circuits. Further, some proposed leakage current suppression
arrangements preclude bi-directional converter operation.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide
a full-bridge power converter in which high frequency leak-
age current is suppressed using only passive filter compo-
nents and without additional active power switches.

It is another object of the invention to provide a full-bridge
power converter in which low frequency EMI noise and leak-
age current are reduced to extremely low levels by modified
control of the switches forming the full-bridge circuit through
use of a feedback circuit, either alone or in addition to sup-
pressing high-frequency EMI noise and leakage current by
filtering.
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It is a further object of the invention to provide a modified
unipolar modulation (UM) technique which substantially
avoids the generation of low frequency EMI noise and corre-
sponding leakage current.

In order to accomplish these and other objects of the inven-
tion, a full-bridge single phase bidirectional AC/DC power
converter is provided having two phase legs on an AC side
thereof and including a plurality of switches connected in a
full bridge configuration, a choke comprising magnetically
coupled windings connected in series in respective ones of the
two phase legs, a split capacitor connected between the two
phase legs, and a connection between a mid-point of the split
capacitor and a split capacitor connected between DC voltage
rails on a DC side of the power converter. An active filter,
preferably constituted by a feedback arrangement, can addi-
tionally or separately employed to reduce low frequency
common mode noise and leakage current.

In accordance with another aspect of the invention, a
method of reducing common mode noise and leakage current
through parasitic capacitance in a single phase, full bridge
power converter having unipolar modulation of switches and
having two phase legs on an AC side of said power converter
is provided comprising steps of magnetically coupling the
two phase legs opposingly, connecting a split capacitor across
the two phase legs to form a mid point of the AC side of the
converter, connecting a split capacitor across a DC side of the
power converter to form a mid point of the DC side of the
power converter, and connecting the mid point of the AC side
of the power converter to the mid point of the DC side of the
power converter.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, aspects and advantages
will be better understood from the following detailed descrip-
tion of a preferred embodiment of the invention with refer-
ence to the drawings, in which:

FIG. 1A is a high-level block diagram of a generalized
configuration of an AC/DC converter application,

FIGS. 1B and 1C depict Particular embodiments and appli-
cations of FIG. 1A,

FIGS. 2A and 2B are a schematic diagram of a full-bridge
converter topology with AC filters and exemplary unipolar
modulation drive arrangement and a graphical depiction of
the drive waveforms for controlling the full-bridge switches
in the circuit of FIG. 2A for providing AC/DC conversion,
respectively,

FIG. 2C is an enlarged view of two switching cycles
depicted in FIG. 2B,

FIG. 2D illustrates the CM noise waveform measured
across the DC rail and ground that is present in the circuit of
FIG. 2A,

FIG. 3 is a schematic diagram of a common mode (CN)
noise equivalent circuit of the circuit shown in FIG. 2A,

FIGS. 4A, 4B, 4C, 4D and 4E are schematic diagrams of
known active switching arrangements for reducing common
mode noise and leakage current,

FIG. 5 is a schematic diagram of a full-bridge converter
circuit with amodified L-C-L ACfilter in accordance with the
invention,

FIG. 6 is schematic diagram of a common mode (CM)
noise equivalent circuit of the circuit of FIG. 5,

FIG. 7 provide a graphical comparison with F1G. 2D of CM
noise in the circuits of FIGS. 3 and 5 (e.g. with L-C-L filter
and modified L-C-L filter in accordance with the invention,
respectively),
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FIGS. 8A, 8B and 8C are a schematic diagram of a pre-
ferred embodiment of the invention including the perfecting
feature of a feedback circuit to modify the UM scheme to
remove low frequency EMI noise, modified full bridge drive
waveforms and a detail of drive waveforms, respectively,
which provide for a comparison with FIGS. 2A-2C,

FIG. 9 is ahigh level block diagram of the feedback control
of FIG. 8A,

FIG. 10 illustrates waveforms of the CM noise voltage
measured across the DC rail and ground and the feedback
control voltage at a transient time when the feedback arrange-
ment of FIG. 8A is activated to provide modified UM control,

FIGS. 11 and 12 illustrate a comparison of the negative DC
rail CM voltage measured from the DC rails without and with
the feedback-modified UM control which functions as an
active filter,

FIGS. 13 and 14 illustrate waveforms useful in understand-
ing CM choke design for practice of the invention, and

FIGS. 15,16 and 17 are depictions of a preferred embodi-
ment of an exemplary choke used in the modified filter in
accordance with the invention and a graph of the impedance
as a function of frequency of the choke.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT OF THE INVENTION

Referring now to the drawings, and more particularly to
FIG. 1A, there is shown a high-level block diagram of a
generic configuration of an application of a bi-directional
power converter or inverter 10 interfacing between a DC
power source, such as a photovoltaic (PV) cell array, as shown
in FIG. 1B, or DC energy storage, as shown in FIG. 1C and/or
load 20 and an AC power utility or distribution grid 30. As
alluded to above, power can be transferred in either direction
between DC source, storage or load 20 and the AC utility or
distribution grid 30. For example, DC source, storage and/or
load can be a single device such as a PV cell array, a storage
battery or an electronic apparatus but could also be a DC
distribution system such as a DC nanogrid, as alluded to
above, which could include one or more of any of DC power
sources, storage devices or loads, in which case, power trans-
ferred through converter 10 would be the net difference
between power generated and power consumed from the
nanogrid at any given time. Therefore, power converter or
inverter 10 must be able to transfer power in either direction
while converting between AC and DC power.

FIG. 2A is a schematic diagram of a full-bridge switching
power converter capable of performing such a function.
While the distinctive features of the invention are not shown
in FIG. 2A, the Figure is arranged to facilitate an understand-
ing and appreciation of the invention and no part of FIG. 2A
is admitted to be prior art in regard to the invention. FIGS. 2A
and 2B have thus been designated as “Related Art”.

Such a power converter (which term should be understood
to be inclusive of power inverters; the term generally applied
to circuits which develop AC power from a DC power input)
has a so-called AC side (depicted to the right side of this and
other schematic diagrams herein) and a DC side (depicted to
the left of this and other schematic diagrams herein) which are
separated by the full-bridge switching circuit; the switches of
which are suitably controlled by waveforms similar to those
depicted in FIG. 2B. A filter capacitor (sometimes referred to
as a DC link capacitor) is provided on the DC side of the
power converter to provide filtering of ripple voltage and to
avoid transient voltage fluctuations with changes in load of
either the AC or DC sides of the converter. A split capacitor
connected in parallel with the filter capacitor is also illus-
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trated but is not necessary if the value of the filter or DC link
capacitor is large but is important for purposes of explanation
since the phase leg voltages are defined as being measured
from the mid-point, M, of the split capacitor. On the AC side,
a two-stage L-C-L filter is provided to limit distortion of the
desired sinusoidal voltage due to switching transients and to
reduce harmonic frequency content to levels specified by grid
standards. In FIG. 2A, the so-called 10, split phase system
(prevalent in North America) is depicted as AC voltages V,,
and V,, connected between respective phase legs of the con-
verter and ground which have the same RMS voltage ampli-
tude but a one-half cycle phase difference. The voltages can
then be coupled across two legs of a multi-phase power trans-
mission grid for which a distribution transformer is often used
to obtain a desired voltage. The L-C-L filter on the AC side of
the converter and comprising inductors L, and L, and
Capacitor C,,, (so designated since it provides a path for
differential mode (DM) noise) is a type of filter widely used to
interface to an AC power distribution grid.

FIG. 2B shows exemplary switch drive waveforms suitable
for controlling the switches of the full-bridge of FIG. 2A and
the modulation waveforms from which the drive signals are
derived. As shown in FIGS. 2A and 2B, a sinusoidal control
waveform d, of the desired AC frequency and its comple-
ment, developed and amplitude adjusted at adder 40, is com-
pared, at comparators 50, in amplitude with a high switching
frequency triangular waveform from triangular carrier wave-
form generator 60 and amplifier and inverted, if necessary, at
inverters/amplifiers 70 such that respective full-bridge
switches are either on or off when the triangular carrier wave-
form exceeds the amplitude of the sinusoidal carrier wave-
form d,,,. More specifically for each phase leg, the upper and
lower switches are driven in a complementary fashion (that
preferably includes some so-called dead time by slightly
delaying switch turn-on during each switching cycle) such
that there is never a direct conduction path between the posi-
tive and negative DC voltage rails and the pulse width
increases and decreases in the respective phase legs in a
complementary fashion to cause a step-wise sinusoidal
increase and decrease in the amount of current delivered to or
from the negative and positive DC rails at V. yand V. ,
respectively. This step-wise increase and decrease in current
is then smoothed into a substantially sinusoidal increase and
decrease in voltage in the L-C-L filter alluded to above.

However, using such a modulation technique, there is nec-
essarily a period of time in each high frequency switching
cycle when both phase legs are connected to either the posi-
tive or negative DC rail as can be seen by following the
vertical dashed lines in FIG. 2B. An enlarged view of two
switching cycles is shown (with the corresponding vertical
dashed line) in FIG. 2C. During the period when both phase
legs are connected to the same DC rail voltage, there is no
difference in applied voltage between them. Such a condition
is referred to as a zero voltage state and the alternating zero
voltage states when both phase legs are connected alternat-
ingly to the positive and negative DC rails, respectively cause
a step-wise alternating common mode (CM) noise voltage,
Vear 10 both the AC and DC sides of the converter, as illus-
trated in FIG. 2C. (It should be noted, however, that the
location(s) where the CM noise can be observed depends on
the location of ground in the circuit. Usually, the mid-point of
the grid on the AC side is tied to ground and is referred to as
low impedance grounding. In such a case, the CM noise
generated will be observed on the DC side of the converter
due to the much larger impedance of the stray/parasitic
capacitance between the DC rails and ground.) During the
zero voltage state, the DC side of the converter is exposed to
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CM noise generated by converter PWM switching actions
due to the low impedance grounding scheme on the AC side.
Since the duty cycle/pulse width of the high frequency
switching control signals are continuously varying, the CM
noise has a very complex waveform as shown in FIG. 2D and,
consequently, a broad spectrum that is difficult to filter. CM
noise can also be transferred into the converter when full
bridge switches of both phase legs are coupled to the positive
or negative DC rails and CM noise is particularly large during
those periods as reflected in the known approaches to CM
noise reduction as will be discussed below in connection with
FIGS. 4A-4E. Thus, the CM noise voltage on the DC side
induces leakage current through parasitic capacitance to
ground, particularly if the parasitic capacitance to ground is
large, as is the case for large PV cell arrays used for solar
power collection.

Other than the high frequency CM noise generated in the
converter, line frequency and double line frequency CM noise
also appear on the DC side of the converter due to transfer of
power through the converter. More specifically, as power is
transferred through the full-bridge switches (e.g. when power
is drawn from either side of the converter), a ripple voltage,
V,.pptes Will be generated at double the AC line frequency and
will appear on the DC side of the converter. Thus, the DC link
voltage (e.g. the voltage appearing on the DC side that is
linked to other apparatus that stores and/or consumes power)
will be comprised of the sum of the average voltage and the
ripple voltage

Vo=Vt V,

rigple ey
The ripple voltage appears on both nodes P and N of the DC
side of the converter and is thus CM noise.

The CM noise with respectto ground can be observed at the
mid-point of the DC link voltage which can be physically
achieved by a split capacitor connection comprising a series
connection of two split capacitors C, ,, forming mid-point
node M as a voltage v,, which is the voltage between node M
and ground. The CM noise voltage equivalent circuit of the
circuit of FIG. 2A is shown in FIG. 3. Due to the symmetrical
topology of the full-bridge converter, the CM voltage v,,
with respect to node N that is generated by unipolar modula-
tion (UM) is given by:

@
in which v - and v, devote the terminal voltages of the two
phase legs of the AC side of the converter with respect to the
voltage v, at the mid-point M of the DC-link. The spectra of
these voltages dan be obtained by applying a double-Fourier
analysis of UM. Similarly, v, ¢,,is the grid CM voltage given
by:

var-(Vantven)/2

3

when there are asymmetrical loadings of distribution trans-
former windings. Therefore the negative DC rail voltage is
obtained as

ngM:(vga+vgb)/2

Q)

and it is evident that v, , mainly comprises four compo-
nents: 60 Hz (or the fundamental AC frequency) from v,y
DC and 120 Hz (or double the fundamental AC frequency)
from v, and the switching frequency component from v,
All but the DC component are contributors to the leakage
current.

Several known methods of suppressing CM noise are
shown in FIGS. 4A-4E. FIG. 4A illustrates a so-called H5
inverter which includes an extra switch in the positive DC rail
of'the DC link to isolate the apparatus that is connected to the

Vae_n=Vn—Vad2
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DC side of the converter during the zero voltage state; leading
to higher conduction losses as well as increasing switching
losses and compromising reliability and requires substantial
complexity for sequencing the fifth switch.

FIG. 4B schematically illustrates the so-called HERIC
inverter which utilizes two back-to-back IGGBTs is series
between the phase legs which provides a bypass for bi-direc-
tional current conduction. This bi-directional bypass also
serves to isolate the apparatus connected to the DC link dur-
ing the zero voltage state and is effective to eliminate the high
frequency components of the CM noise and leaving only the
low frequency components of CM noise which cause com-
paratively far less leakage current through whatever value of
parasitic capacitance is presented than the high frequency
components. The principal drawback of this arrangement is,
again, the presence of switches with their attendant losses and
consequent compromise of reliability and the increased com-
plexity of properly driving them.

FIG. 4C schematically illustrates a full-bridge with DC
bypass (FE-DCBP) inverter. This topology features two iso-
lation switches (each similar to the fifth switch of the HS
inverter) and two clamping diodes for clamping the output to
the mid-point of the split capacitor during the zero voltage
state periods. This is also a relatively effective topology but,
due to the additional switches, suffers problems of complex-
ity, reliability and conduction and switching losses. The
increased component count also increases cost relative to the
HS and HERIC inverter approaches.

FIG. 4D schematically illustrates a full-bridge, zero volt-
age rectifier (FB-ZVR) approach to reduction of CM noise.
This topology is somewhat similar to the HERIC inverter
approach but uses a diode bridge, shunted by a switch and a
diode clamp to the mid-point of the split capacitor of the DC
link to isolate the DC-link from the grid and the switching
noise of the full bridge circuit which also reduces the pre-
dominant high frequency CM noise. In this approach, the high
cost of the increased component count is the principal draw-
back in addition to the increased complexity and compromise
of reliability.

FIG. 4E schematically illustrates the so-called REFU
inverter. This approach uses a half bridge switching arrange-
ment with additional DC/DC converters that can be bypassed
and a different AC side bypass configuration from that of the
HERIC inverter that blocks the free-wheeling path. This con-
figuration is also effective to suppress high frequency CM
noise but carries a high cost and additional losses due to
increased component count.

Therefore, the known approaches to suppression of CM
noise all suffer from increased cost and complexity and com-
promise of reliability due to reliance on additional switches.
None are fully effective to suppress CM noise since they
principally operate only during the zero voltage state period
of the switching cycles and generally do not significantly
affect low frequency CM noise. Further, some of these
approaches may preclude bi-directional operation and/or may
not suppress CM noise generated in the converter. Since they
are designed for solar power generation installations and not
for local DC distribution systems such as DC nanogrids and
are principally directed to isolation of the DC link from a
power distribution grid during the zero voltage state where
bi-directional operation is not of interest. Importantly, how-
ever, while component failures may be relatively rare, failure
of the additional switch or switches while the full-bridge
switches remain operative can lead to high leakage current
which is difficult to monitor and consequent safety problems
while the converter remains otherwise operable.
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Referring now to FIG. 5, a schematic of an exemplary
embodiment of the invention which may be sufficient for
many applications is shown. By comparison to the schematic
of FIG. 2, it is seen that the full-bridge switching circuit and
the DC side filter capacitors are the same as in FIG. 2. How-
ever, the L-C-L filter on the AC side has been modified to
reconfigure a portion of the Cj,,, capacitance as series con-
nected split capacitors Cj,, , connected between the phase
legs in parallel with C,, (to avoid changing the behavior of
the DM noise path) and a choke inductor having magnetically
cross-coupled windings L,, connected in series in both
phase legs of the AC side of the converter. A further connec-
tion is made between the mid-point of split capacitors C,,
and split capacitors Cp,,, ., preferably and optionally includ-
ing a small resistance R; to provide damping. In this configu-
ration, the choke L, greatly attenuates the high, switching
frequency component of the CM noise; allowing the L-C-L.
filter to be decreased in size. The CM noise equivalent circuit
is shown in FIG. 6.

It is readily seen from FIG. 6 that a LC low pass filter is
formed to attenuate the high frequency CM noise generated
by v - The negative DC rail voltage v, ,,in FIG. 6 is given

by:

®

Ve n(w) =

+1

1
| veu () \/ [(ww CCom s 112CasV

Vecm — zvdc - > =
1 = w2(0.5Lpy + Len ) - (2Cpus_s 11 2Cc s) vl
(WRL)2Cpu s 1/ 2Csc_s)

in which o is the frequency of the noise of interest and “//”
represents two components in parallel.

Since C,, and L, are much larger than C,,, and L,,,
equation (5) can be simplified to

©

Ve n(w) =

1 Ve (@)y (@R -2Cpy s +1
Veem — zvdc -

V(= @2Ley -2Cpu o + (@R, -2Cpu )

Inequation (6), an attenuation term is applied to the switch-
ing frequency voltage CM noise, v,,. As such, the leakage
current, i,,,z,.q. flowing through the parasitic capacitances C,
is greatly reduced. Specifically, for exemplary values of vari-
ous circuit components, the waveform of v, is as shownin
FIG. 2D, as alluded to above. When the modified filter struc-
ture of FIG. 5 is applied to a circuit otherwise unmodified and
operated using the same operating parameters, the complex
waveform of FIG. 2D is reduced to the small amplitude, low
frequency waveform of FIG. 7 from which it can be observed
that any high frequency component of the CM noise is very
small. However, for a given parasitic or stray capacitance to
ground, C,, the leakage current for a given amplitude of a
component of CM noise of a given frequency is relatively
much smaller than for higher frequency components. There-
fore, it can be readily appreciated that the inverter circuit of
FIG. 5 having the modified filter circuit in accordance with
the invention provides a substantial solution to the problem of
leakage current and attendant component aging and safety
issues with only passive components which are much less
likely to fail than the active switches in known CM noise
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suppression arrangements discussed above. Further, the
effectiveness of the modified filter in accordance with the
invention is sufficient to allow simplification and reduction in
size of the EMI filter that is generally required on the AC side
to prevent EMI noise from being connected to an AC distri-
bution grid.

However, the low frequency DC side voltage ripple of FIG.
7 still causes a small degree of current leakage and, due to
safety regulations, constrains the DC side EMI capacitor
value in all DC components in the DC system, thereby yield-
ing bulky design of magnetic components on the DC side
since the corner frequency of any low pass filter design must
be much lower than the low frequency CM noise and the filter
will necessarily be very large due to the required size of
magnetic components to carry sufficient current at such fre-
quencies. Otherwise, the modified AC side high frequency
filter arrangement in accordance with the invention need not
be large and provides a substantial solution to the current
leakage problem using only highly reliable passive compo-
nents which are substantially limited to the addition of mag-
netically coupled windings to function as a high frequency
choke and a split capacitor even though some particular
design considerations for the choke are preferred as will be
discussed below.

The low frequency CM voltage ripple as shown in FIG. 7 is
mostly dueto v ,,andv,,, ;.. and can be attenuated using DC
side CM filters. Due to the limited values imposed on the
value of DC side CM capacitors, the total size of the CM
choke is relatively large and limits the overall power density
of the converter that can be achieved. However, the inventors
have found that providing subtle changes in the UM wave-
forms which can be derived in a relatively simple manner can
provide substantial elimination of the low frequency CM
noise by operating the full bridge switches to function as an
active filter.

Specifically, referring now to FIG. 8A, an additional feed-
back control signal, d -, can be derived directly from the low
frequency CM noise at the negative DC rail and combined
with sinusoidal control signal, d ,,, to substantially cancel the
low frequency CM ripple. Specifically, the voltage on the
negative DC rail (or, optionally, the positive DC rail or both)
could be averaged or otherwise combined, subjected to pref-
erably digital (to increase noise immunity) high pass filtering
to block any DC component and applying the resulting CM
ripple signal to two compensators, 80 and 80', having transfer
functions of

o

+ +
Hew(s) = K (5 +wa)(s + w2)
S($ + Wp1)(s + wp1)
and
(8
Rew (s) = 2k w, = 2760 rad/s

§2 4+ (200,)2°

respectively. In equation (7) two zeroes are placed around the
resonant frequency (Lc,, 2Cp,,) for desired phase margin
and two poles are placed after the crossover frequency to
attenuate high frequency noises. The transfer functionR ., ,0f
equation (8) achieves high loop gain at 120 Hz for better
control performance. The error signals as respectively modi-
fied by transfer functions of equations (7) and (8) are com-
bined by adder 90 and the results added to the complementary
sinusoidal control signals at adders 95. The corresponding
low frequency CM voltage in the full bridge output terminals
is given by
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®

1
vey = E[VAN + Vpw]

1,1 1
=5 zvdc(dCM +dap) + zvdc(dCM - dab)]

Vde

=—d
5 dam

This subtly altered, combined control signal results in a small
alteration of timing of the duty cycle or pulse width of the full
bridge switch control pulses which, while not visible in the
waveforms of FIG. 8B, is indicated by dashed lines in FIG. 8C
representing the periodic expansion and contraction of the
full bridge switch control signals which cancels the low fre-
quency CM ripple.

The state feedback control block diagram is illustrated in
FIG. 9, wherein the additional transfer functions of G, and
H are given by

delay
Vaden (10)
Gals) = —
oM
Ve SR -2Cpy s +1
T2 $2Lcu 2Con s +SRL-2Cpu o + 1
and
Hypay(s) = €T (1D
1-0.55T, +(STS )2
_ — 0.55T§ 0
= B

14+0.55T, + (%)

respectively, which can be developed as special purpose digi-
tal processors specific to these respective calculations (e.g. as
application specific integrated circuits or ASICs); suitable
designs for which will be evident to those skilled in the art
from the transfer functions given above. The control voltage
reference, V,is the DC component of v, ,, generated by a
low pass filter although this function is preferably physically
performed by the high pass filter HPF of FIG. 10 in the course
of generating error signal v,.

The arrangement illustrated in FIGS. 8A and 9 has proven
to be extremely effective to substantially eliminate low fre-
quency CM noise (e.g. substantially all remaining CM noise
not attenuated by the modified filter of FIG. 5). A measure of
the degree of effectiveness of this additional feedback control
signal can be appreciated from the transient response illus-
trated in FIG. 10 when control signal d -, is added to control
signal d_,. The amplitude of the ripple is greatly reduced
immediately and substantially vanishes over about eight
switching cycles. It may be helpful to note that the waveform
of d,, shown in FIG. 10 varies slightly in amplitude and
modulates the full bridge switch control pulse width at both
60 and 120 Hz and that the amplitude corresponds to the shift
in leading and trailing edges of switch control pulses illus-
trated by dashed lines in FIG. 8C as compared with FIG. 2C
as alluded to above. FIGS. 13 and 14 provide a comparison of
the CM noise in the circuits of FIGS. 5 and 8A.

The preferred design of L., , alluded to above should take
the saturation issue into account, since an extra low-fre-
quency CM voltage excitation is applied on the L. ,,. Besides
the leakage inductance of L,,, the major contributor to the
saturation of the L, is the volt-second VS in equation (12)
due to the CM voltage applied on the CM choke L, .

VS=[V ot (12)
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V carce 18 the common-mode voltage applied on L. There
are two frequency volt-second components: switching fre-
quency volt-second and low-frequency volt-second.

The switching-frequency volt-second is due to the PWM
switching. There are two possible switching-frequency maxi-
mum volt-second points, as shown in FIGS. 13 and 14. One
occurs when the AC current I, is zero-crossing. At this
instant, the CM duty-cycle reaches the peak value (close to
0.5), and the dc-link voltage v, stays at the average value V ;..
Another possible maximum volt-second point occurs when
the dc-link voltage reaches the peak value V ;. +lv, ... These
two possible switching-frequency maximum points are
shown below in (13) and (14), respectively. Notice that most
of the switching-frequency v,, will be applied on the CM
choke L,

1 (13)
VSu1 = Vemctem = vemitcon = EVdchM,max

1 (14)
VSu2 = Vemctom = Vemlon = zvdc,maxfCM

Further derivation shows that equations (13) and (14) can
bereformed as equations (15) and (16), respectively, where M
is the full-bridge modulation index (which is defined as the
peak voltage of the AC grid divided by the DC link voltage

Vs _lv lT (15)
HL = 5 Vden L

M

=

1 1 (16)
VSus = E(Vdc + |Vripple|)§(1 -

The maximum switching-frequency volt-second can be
determined by the larger value provided by equations (15) or
(16). In most cases, the volt-second in equation (15) is the
maximum point.

VS mar_e=VSm1 17

The low-frequency (mainly 120 Hz) volt-second is due to
the CM voltage generated by d,,, and the corresponding
volt-second is shown in (18).

1 (18)
VSy. =f§VdCdCM

Vg in (18) reaches the peak value VS, every half cycle
(120Hz). Ifd -, is expressed in (19), the generated maximum
low-frequency volt-second VS is derived in (20).

Lmax

dey = Moy sin@wol), w, = 2760 rad/s (19)

1. Mcy
VSimax = 5 Ve o
o

20

As such, the maximum low-frequency volt-second applied
on the CM choke L, is derived as:
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wo)* Lens 2Co s+ VSiimax 21

VL= Qwo) Lo - 2Cou (1P + 2oy - 2Cpu o

ViSax 1 =

If the resonant frequency of L, and 2C,,, _is defined as
., equation (21) can be further simplified as shown in equa-
tion (22).

(2w,)? 1 (22)

Vimax L &~ VS s W = e
e w2~ (2w,)* o \/LCM -2Cpp s

The total maximum volt-second applied on L, is shown
in equation (23), which determines the design of L., In
order to avoid the saturation of L., ,, the number of turns N,
and the core cross-sections A have to fulfill the requirement
in equation (24).

ViStotat_max = ViSmax_1 + ViSmax_ti 23
Nc . Ac > VSroral,max (24)
Bax

As seen in equation (24), it determines the value of N, and
A_, thus determining the L., ,value. A magnetic material with
proper permeability has been chosen for the optimal design.

In order to freely tune the value of L.,,, an air-gap is
designed and implemented. The design procedure of this CM
choke L, and C,,,, . capacitor are proposed simply as fol-
lows. First, design the core size and number of turns based on
equation (22). Then, design the L, value by designing the
air-gap value. Finally, based on equation (6), design the
Cpas s to obtain the resonant frequency w, for a desired CM
noise attenuation.

A nanocrystalline toroid core with air-gap is designed as
shown in FIG. 15. The core is over-designed leaving 40%
saturation margin. The air-gap is 0.1 mm and the number of
turns is 25. As shown in FIG. 16, the measured CM induc-
tance in the frequency range of interest is about 3.5 mH. The
resonant frequency w, is chosen around 0.9 kHz, and the
corresponding Cp,,, .18 5.6 pF. Cpy, 15 6.6 pF (Cp, =10
pF). The preferred physical layout of Loy, Cppp, and Cppf 18
illustrated in FI1G. 17.

In view of the foregoing, it is seen that the invention pro-
vides an entirely different approach to a solution to suppres-
sion of CM noise which is of increased effectiveness relative
to known approaches that use additional switches for isola-
tion during portions of the switching cycles and does so
entirely with passive components having increased reliabil-
ity. Low frequency CM noise is effectively suppressed using
a feedback circuit to cause subtle modification of the control
signal for pulse width modulating the full-bridge switches
using, for example, special purpose digital processor to
develop suitable transfer signals for the feedback loop. Leak-
age current to ground that is driven by the CM noise is
virtually eliminated to avoid premature aging of DC compo-
nents connected to the DC side of the converter. The effec-
tiveness of the invention to suppress CM noise has been
verified experimentally as illustrated in FIGS. 2D, 7, 11 and
12.

While the invention has been described in terms of a single
preferred embodiment, those skilled in the art will recognize
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that the invention can be practiced with modification within
the spirit and scope of the appended claims.

The invention claimed is:

1. A full-bridge single phase bidirectional AC/DC power
converter having two phase legs on an AC side thereof and a
capacitor connected between said two phase legs, said con-
verter including

a plurality of switches connected in a full bridge configu-
ration,

a choke comprising magnetically coupled windings con-
nected in series in respective ones of said two phase legs,

asplit capacitor connected between said two phase legs and
in parallel with said capacitor connected between said
two phase legs, and

a connection between a mid-point of said split capacitor
and a mid-point of a split capacitor connected between
DC voltage rails on a DC side of said power converter,

wherein said switches in said full bridge configuration are
driven by a pulse width modulated signal that is modi-
fied from sinusoidal modulation to provide active filter-
ing of common mode voltage variation on said two
phase legs by said full bridge configuration.

2. The power converter as recited in claim 1, wherein said

connection includes a damping resistor.

3. The power converter as recited in claim 1, wherein said
DC side of said power converter is connected to a photovol-
taic cell.

4. The power converter as recited in claim 3, wherein said
AC side of said power converter is connected to an AC power
distribution grid.

5. The power converter as recited in claim 1, wherein said
AC side of said power converter is connected to an AC power
distribution grid.

6. The power converter as recited in claim 1, further com-
prising

a source of a sinusoidal waveform modulation signal,

a circuit responsive to common mode voltage variation on
said two phase legs to modify said sinusoidal waveform
modulation signal to provide a modified sinusoidal
waveform modulation signal,

a source of a triangular waveform modulation signal, said
triangular waveform modulation signal having a fre-
quency higher than a frequency of said sinusoidal modu-
lation signal, and

acomparator to compare amplitudes of said modified sinu-
soidal waveform modulation signal and said triangular
waveform modulation signal, wherein said comparator
controls said plurality of switches connected in said full
bridges configuration.

7. The power converter as recited in claim 6, further includ-

ing

an [-C-L filter in said AC side of said power converter.

8. The power converter as recited in claim 6, wherein said
connection includes a damping resistor.

9. The power converter as recited in claim 6, wherein said
DC side of said power converter is connected to a photovol-
taic cell.
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10. The power converter as recited in claim 9, wherein said
AC side of said power converter is connected to an AC power
distribution grid.

11. The power converter as recited in claim 6, wherein said
AC side of said power converter is connected to an AC power
distribution grid.

12. The power converter as recited in claim 1, further
comprising

a feedback path to combine at least two signals, each cor-

responding to a voltage on said DC side of said converter
due to said common mode voltage variation in said two
phase legs, to provide said modification of said sinusoi-
dal modulation signal.

13. The power converter as recited in claim 1, further
comprising

a feedback path including an adder to combine two signals

corresponding to a voltage on said DC side of said con-
verter due to said common mode voltage variation on
said two phase legs in accordance with different transfer
functions to provide a combined signal and a further
adder to provide said modification of said sinusoidal
modulation signal.

14. A method of reducing common mode noise and leakage
current through parasitic capacitance in a single phase, full
bridge power converter having unipolar modulation of
switches and having two phase legs on an AC side of said
power converter and a capacitor connected between said two
phase legs, said method comprising steps of

magnetically coupling said two phase legs opposingly,

connecting a split capacitor across said two phase legs in

parallel with said capacitor connected between said two
phase legs to form a mid-point on said AC side of said
converter,

connecting a split capacitor across a DC side of said power

converter to form a mid-point on said DC side of said
power converter, and
connecting said mid-point of said split capacitor on said
AC side of said power converter to said mid-point of said
split capacitor on said DC side of said power converter

wherein said switches in said full bridge configuration are
driven by a pulse width modulated signal that is modi-
fied from sinusoidal modulation to provide active filter-
ing of common mode voltage variation on said two
phase legs by said full bridge configuration.

15. The method as recited in claim 14 further comprising a
step of

modifying said unipolar modulation from a sinusoidal

pulse width modulation in accordance with low fre-
quency common mode noise appearing on said DC side
of said power converter.

16. The method as recited in claim 15, wherein said modi-
fying step is performed using a feedback arrangement oper-
ating as an active filter.

17. The method as recited in claim 14, including the further
step of

designing a device for performing said magnetic coupling

to avoid saturation at maximum volt-second points of
said unipolar modulation.
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